Although there has been substantial emphasis on the neuromuscular and cardiovascular adaptations following rehabilitation, pulmonary adaptations in individuals with incomplete SCI (iSCI) in response to locomotor training have been less frequently studied. In healthy individuals, effective transition from rest to work is accomplished by a hyperpneic response, which exhibits an exponential curve with three phases. However, the degree to which our current understanding of exercise hyperpnea can be applied to individuals with iSCI is unknown. The purpose of this case series was to characterize exercise hyperpnea during a rest to constant work rate (CWR) transition before and after 12-15 weeks of overground locomotor training (OLT). CASE PRESENTATION: Six subjects with cervical motor incomplete spinal cord injury participated in 12-15 weeks of OLT. Subjects were trained in 90-min sessions twice a week. All training activities were weight-bearing and under volitional control without the assistance of body-weight support harnesses, robotic devices or electrical stimulation. Six minutes of CWR treadmill walking was performed at self-selected pace with cardiorespiratory analysis throughout the tests before and after OLT. Averaged group data for tidal volume, breathing frequency or V E showed no difference before and after training. V E variability was decreased by 46.7% after OLT. DISCUSSION: CWR V E from rest to work was linear throughout the transition. Following OLT, there was a substantial reduction in V E variability. Future research should investigate the lack of a phasic ventilatory response to exercise, as well as potential mechanisms of ventilatory variability and its implications for functional performance.
INTRODUCTION
Spinal cord injuries (SCI) can substantially impair the pulmonary, 1-3 cardiovascular 4,5 and skeletal muscle systems. 6 Although there has been substantial emphasis on the neuromuscular 7-9 and cardiovascular 10, 11 adaptations following rehabilitation, adaptations of the pulmonary system of individuals with incomplete SCI (iSCI) in response to locomotor training have been less frequently studied.
In healthy individuals, effective transition from rest to work is accomplished by a hyperpneic response. The hyperpneic response is achieved through a concomitant increase in breathing rate and tidal volume to match ventilation with cellular metabolic demands supporting sustained movement. 12 Data on exercise hyperpnea in healthy individuals, during a rest to work transition, exhibits an exponential curve with three phases. 12 Phase I typically occurs within the first breath and phase II within 15 s creating the sudden rise in minute ventilation (V E ), 12 while transition into Phase III marks the point of steady-state isocapnia, proportional to metabolic demand. 13 Phase I is normally seen only during a rest to constant work rate (CWR) transition. 12 Phase II is characterized by an exponential rise toward steady-state ventilation, and is often determined by a time constant of~60-70 s. 12, 13 Phase III begins at steady-state ventilation when there is no further rise in the V E during CWR exercise below the anaerobic threshold, and is typically achieved by the 4th minute of CWR exercise. 12 In contrast to healthy individuals, impaired pulmonary function contributes to discrepancies in matching internal and external respiration, 14 leading to blood gas abnormalities 15, 16 and potentially resulting in subsequent peripheral muscle fatigue. 17, 18 In individuals with SCI, altered pulmonary mechanics 19, 20 and alveolar hypoventilation 14 have been observed; however, the degree to which our current understanding of a phasic model of exercise hyperpnea can be applied to individuals with iSCI is unknown. Exercise hyperpnea, and the tri-phasic response, may be an important tool to measure integrated and synchronized function between the cardiovascular, pulmonary and skeletal muscle systems as all three are required to maintain ventilation and arterial blood gas homeostasis.
Various forms of training, including locomotor training, 21 aerobic training 22 and inspiratory muscle training, 23, 24 have been shown to increase lung volumes in the SCI population. However, to our knowledge, no studies have reported on the pulmonary response of individuals with chronic motor iSCI (miSCI) during volitional treadmill walking before and after overground locomotor training (OLT). Therefore, the overarching purpose of this study was to document pulmonary performance in individuals with miSCI, which is operationally defined as the variability inV E and the ability to achieve a phasic response to CWR exercise. Specifically following OLT, our study aimed for the following: (1) to compare the conformity of the rest to work transition in individuals with miSCI during self-selected submaximal treadmill walking to the phasic model of exercise hyperpnea typically observed in health individuals during similar transitions; and (2) to measure the variability in the ventilatory response during submaximal CWR treadmill walking. It was hypothesized that the ventilatory response in individuals with miSCI would be a phasic response with a high degree of variability.
METHODS

Study design and participants
This study investigated the effects of OLT on breathing response using a pre/post design. Participants were enrolled in an OLT program that was specifically designed to improve overground walking performance. All participants were identified as chronic cervical motor-iSCI on the American Spinal Injury Association Impairment Scale (AIS) as AIS C or D 25 ( Table 1) . The study inclusion criteria required participants to have the following criteria: (1) be 18 years of age or older; (2) be at least 12 months post-injury; (3) be able to stand with no more than minimal assistance from one other person; (4) be able to initiate and complete at least one step using only volitional control, using ambulation aids (walkers, crutches and canes) as necessary; and (5) demonstrate the ability to walk safely on a treadmill. Exclusion criteria included the following: (1) complete spinal cord injury (AIS A) and incomplete spinal cord injury AIS B; (2) any significant orthopedic complications, spasms or contractures preventing safe ambulation on the treadmill; and (3) any history of ischemic heart disease, known cardiovascular, pulmonary or metabolic diseases, HIV infection or use of antiretroviral therapy. We also asked participants to refrain from engaging in any structured locomotor training activities at least 48 h prior to the initial exercise testing session and while they participated in the study.
Overground locomotion training Detailed explanation of the OLT program is described elsewhere. 26 The OLT program required two 90-minute training sessions per week. Each training session involved five consecutive training segments, all with a particular focus as follows: joint mobility; volitional muscle activation; task-isolation; task-integration; and activity rehearsal. Participants were required to perform all exercises under volitional control, but without the assistance of body-weight support harnesses, robotic devices, electrical stimulation or orthoses and other lower-extremity supportive devices. One individual requested the harness because of the fear of falling; no assistance was provided by the harness during training. Participants were allowed to use ambulation aids during training, but were encouraged to attempt as many steps as possible without using any devices at appropriate points during training sessions as their abilities allowed. All training sessions were implemented by a team of physical therapists and exercise physiologists specifically trained in implementing the OLT program developed for this study.
Testing protocol All testing procedures were strictly observed. We measured each participant's height and weight using a standard stadiometer (SECA 213) and scale (Health O Meter 400KL). Measurements of cardiorespiratory function were collected with an Ultima CardiO2 gas exchange system (CardiO2 Ultima, MedGraphics Corp., Saint Paul, MN, USA). Flow calibration was completed prior to each test with a 175 milliliter (ml) calibration syringe for rate and volume. Gas calibration was also performed using precision-analyzed gases to ensure accurate oxygen and carbon dioxide concentrations. Twelve lead electrocardiogram were recorded (Mortara: M12A, Milwaukee, WI, USA) with electrodes placed using standardized skin preparation methods and according to the Ultima system guidelines for a Mason-Likar modification. Pulmonary minute ventilation (V E ), tidal volume (V T ) and breathing frequency (B f ) were measured continuously breath-by-breath during standing quiet rest and exercise at CWR.
All individuals underwent a 6-minute volitional unaided walking bout at a CWR on a motorized treadmill (Trackmaster TMX22). Participants were instructed to stand quietly for 3 min, prior to walking at their preferred walking speed for 6 min. Preferred walking speed was decided by the individuals by starting the treadmill at 0.5 mph and increasing the speed by 0.1 mph until the participant indicated a comfortable walking speed that could be safely sustained. The same testing procedures were repeated after 12 weeks of OLT with the same preferred walking speed used at pre-testing.
Ethical approval All procedures were approved by the Institutional Review Board of George Mason University (#618911). Adult informed consent, risks and human subject's rights were verbally reviewed with the participant following an explanation of the experimental protocol. We then provided all time for participants to review the written forms and procedures prior to entering the study. We certify that all applicable institutional and governmental regulation concerning the ethical use of human volunteers were followed during the course of this research. Data analysis Gas exchange data were analyzed at rest and during the CWR exercise. The average V E , V T and B f were averaged taken over the entire CWR. Prior to testing, we assumed that individuals with miSCI would demonstrate a hyperpneic response such as those observed in uninjured healthy individuals (Figure 1) . Therefore, the exercise V E response was fit with the following equation for a phasic response:
where baseline was the 3-minute average of resting V E , amplitude was the difference between baseline resting V E and end-exercise V E , TD and tau. TD is the time delay, which is the time until the exponential fit begins. 27 The tau is the time it takes to reach 63% of the achieved amplitude. However, only one of the six subjects fit the exponential model above (Figure 2) . The other five subjects exhibited an exercise V E response that appeared linear and thus was poorly fit by Equation 1. Therefore, a linear model was also applied to the V E data ( Figure 3 ) for all subjects as follows:
where m is the gradient of the slope, c is the y-intercept and x is the time (seconds) of each data point. For each subject, the Akaike Information Criterion (AIC) was used to choose between linear and exponential models for the exercise V E response. The AIC is equal to twice the difference of the number of parameters in the model minus twice its log-likelihood. Smaller AIC values signify a more suitable model. A model was determined to be strictly better than another if its AIC was at least 2% smaller; otherwise the models were considered to be roughly comparable in their ability to predict V E .
Rest to work transition amplitude, which is intensity dependent, 28 was calculated from the change in minute ventilation between resting averaged V E and the averaged V E of the first 20 s of exercise.To assess V E variability, the predicted V E utilizing the linear regression fit model was compared to the observed V E (that is, V E variability = V E obs − V E pred) in all participants except for the lone participant whose data were best fit with the exponential model as noted above.
Data are presented as mean (s.d.). Resting and CWR exercise gas exchange data were analyzed using paired sample t-tests (SPSS 22, IBM, Chicago, IL, USA), and V E variability was assessed via an F-statistic for each individual, and the group analyses of variability. Significance was set at P o0.05.
RESULTS
Subjects were five adult males and one female with miSCI between C3 and C6. All participants were between two and five years post injury. Demographics and anthropometric data are presented in Table 1 . No changes in anthropometric data were noted following OLT.
The averaged group data for resting V E showed no difference before and after training ( Table 2 ). Group analyses also yielded no significant differences in B f or V T following OLT at rest (P ⩾ 0.39) or exercise (P ⩾ 0.30; Table 2 ). Pre-OLT rest to work transition amplitude reported a 4.89 (3.47) l min − 1 increase above resting V E . Post-OLT rest to work transition amplitude reported an increase of 4.08 (2.40) (l min − 1 ), which was 0.81 l min − 1 less than the rest to work transition before OLT(P = 0.45).
The AIC identified the linear model as better than either exponential model for all subjects except one (Participant 6). Participant 6 was therefore excluded from the group analysis of variability. Participant 6's V E variability significantly increased during rest (6.17-13.62; P = 0.01) and exercise (25.09-39.26; P = 0.008) following OLT.
Data from a representative subject with linear fit and residuals are shown in Figure 3 . Exercising V E variability was significantly reduced in four of the five participants (Table 3 ) resulting in a group average reduction of 11.87 arbitrary units (a.u.). The group V E variability was reduced by 46.7% on average, by 46.7% among the five participants included in this analysis. Participant 6's data best fit with an exponential curve, which does not allow participant 6's data to be directly compared to the rest of the variability data where linear models were used in an absence of phasic transitions.
DISCUSSION
Contrary to our hypothesis, the primary finding of this study was that most individuals with cervical miSCI in our study did not show a phasic ventilatory response to treadmill walking at preferred walking speed before or after OLT. In fact, nearly all participants (five out of six) in our study showed a linear V E response to volitional walking that initially presented with a high degree of variability that was subsequently reduced following OLT. Moreover, there were no changes in averaged V E , V T and B f following OLT training despite the observed changes in variability.
Previous studies of pulmonary dysfunction generally report changes in lung volumes 2 and ventilatory muscle mechanics, 20, 29 which are associated with injury level, 1,2,30 physical activity 31 and fatigue. 23 Pulmonary responses, as measured by V E , during both acute submaximal and maximal exercise in individuals with SCI have demonstrated values similar to 32 or lower than 30 those in adults without SCI. However, analyses of V E using data from pre-determined time points that have been averaged may yield skewed descriptions of pulmonary function in SCI as this analytic approach has a limited ability to detect changes in V E resulting from the high degree of V E variability found throughout the first few minutes of exercise. Thus, common reporting of pulmonary data by averaging data during exercise timeframes (for example, entire bout, last 2 min of exercise) may miss potential changes in physiological function in individuals with a SCI (see Table 2 and Figures 1, 3 , which may account for the differences between our findings and the results of previous studies). Considering that the V E response is known to have 'noise' and follows an exponential time-domain response, averaged ventilatory components may not reach significant changes due to the increased V E variability ( Table 2 ). This V E variability could have two potential sources as follows: (1) 37 constraints potentially stemming from the injury. The methodological approach used in this study aimed to account for the change in the breathing response to physical activity and to quantify the 'noise' observed.
Regardless of the therapeutic approach used, the ventilatory musculature is known to respond to several modalities of training. Tiftik et al. investigated locomotor training and pulmonary function in SCI, and reported improvements in vital capacity, forced vital capacity, forced expiratory volume in 1 s and maximum voluntary ventilation in response to body-weight supported treadmill training with varying speeds. However, no measures of ventilation during exercise were reported. 21 Additionally, a case report 38 described improved locomotor-respiratory coupling in a participant with an incomplete C1/C2 injury walking at 1.0 miles per hour, noting a 10L reduction in V E and a reduction in both B f and V T . These data demonstrate that locomotor training, under similar walking speeds but not intensity (that is, weight-bearing), is a plausible method for improving pulmonary function in this population. However, other investigators have not reported averaged decreases in V E during end-exercise maximal exertion or submaximal wheelchair interval work. 39 These studies illustrate the malleability of the pulmonary system under certain conditions to various forms of exercise training. However, as we note with our reported changes in V E variability, caution should be exercised when evaluating averaged V E during physical exertion in this population. Our data suggest that substantial adaptations to exercise may be obscured because of averaged data. Although our data found no significant difference in averaged V E , B f or V T during a submaximal bout of volitional treadmill walking, we found significantly reduced variability in V E when the trajectory of V E was accounted for in the methodological approach.
There are a number of potential explanations for the high degree of V E variability that diminishes following OLT. Decreased variability may be a function of changes in synchronized function between the thoracic and abdominopelvic cavities. Individuals with SCI are known to exhibit paradoxical mechanics of the abdomen and thoracic cavity, which can lead to decrements in lung volumes that are dependent on the level of the lesion, 19, 20, 40 alterations in ventilation perfusion coupling, 14 which can disrupt blood gas homeostasis 16 and then potentially alter oxygen delivery to the skeletal muscles. 41 It is also possible that our participants may have impaired phrenic nerve activity, thus impeding their ability to activate the appropriate musculature 1 and maintain transdiaphragmatic pressure. [42] [43] [44] Difficulties activating musculature and changes in postural control may lead to an increased work of breathing in these participants, which has been associated with the respiratory steal phenomenon 17, 45 and alterations in peripheral oxygen utilization. 18, 46, 47 OLT may have improved posture that subsequently affected lung volumes, and increased the strength and endurance of the remaining innervated inspiratory and expiratory muscles as non-respiratory movements have been reported to increase diaphragm strength 48 and endurance in participants with a SCI. 22 These results are clinically relevant as respiratory distress and mechanics are a major impediment to mobility and a leading cause of mortality in incomplete and complete spinal cord injury. 49 These data support attempts to promote ventilatory adaptations as a primary outcome of treatment or training to accompany objectives to improve walking performance in individuals with a chronic spinal cord injury. This study has limitations that should be carefully considered. No measures were taken of the lung volumes, posture or thoracic/ abdominal compliance, although these have shown to be involved in ventilation. Thus, we cannot make inferences about the locus of adaptation following our OLT program. The nonphasic V E response may be amenable to several interpretations, none of which can be confirmed by the available data of the current study. Low work rates are associated with faster cardiorespiratory kinetics. 28 Therefore, the ventilatory response to exercise may not represent a substantial enough change from resting ventilation to match the metabolic demand of the task that would require an exponential rise in V E . Functionally, the participants may be at or near steady-state ventilation at the onset of exercise, which would result in a linear response along the asymptotic line, and the reduction in ventilatory variability may be a product of more effective ventilatory musculature, posture or pulmonary perfusion, thereby reducing the work of breathing as these individuals also reported a reduction in VO 2 following OLT. 26 As for the single participant who exhibited increased variability following OLT, this could be a result of improved cardiac function that led to improved ventilation perfusion at the required workload. The improved pulmonary blood flow may have increased the available reserve for ventilation/perfusion; thus large fluctuations in ventilation would not negatively affect arterial blood gases. Additionally, we observed a significant decrease in V T in this participant, which may offer some evidence that more effective ventilatory mechanics resulted in adequate ventilation of the alveoli despite altered airflow measured at the mouth. These results are from a single bout of testing which introduces day-today variability, and anxiety/emotional responses to a novel task as potentially limiting factors. Last, we used tools associated with VO 2 on-kinetics to allow for a systematic application of our methods, but unlike VO 2 on-kinetics, we did not remove any data points outside of the 99% prediction bands, as these data points may be unrelated to gas exchange (for example, coughing/sneezing). Future studies are necessary to determine which of these hypotheses may further explain our findings.
CONCLUSION
In conclusion, our results demonstrate that ventilatory adaptations to self-selected constant treadmill walking in adults with miSCI are achievable following our novel OLT program. CWR V E from rest to work was linear throughout the transition with no phase III plateau observable within 6 min. A substantial level of V E variability was observed before OLT, and was reduced by 46.7% after 12-15 weeks of OLT. In these subjects with miSCI, it appears that 12-15 weeks of OLT reduces exercise hyperpnea variability in participants with incomplete cervical spinal cord injuries. Future investigations should examine responses to different modalities of training, potential mechanisms contributing to the V E variability, and an extension of traditional outcome measures typically reported in the literature since the lead cause of death in this population is pulmonary complications. 
